Abstract:
INTRODUCTION
Freeways and expressways around the world are commonly suffering from general problems of congestion, poor safety and high environmental impacts. In order to reduce traffic congestion and to improve safety on freeways and expressways, it is necessary to implement robust, integrated and coordinated control systems. Various traffic management and control systems such as Ramp Metering (RM) and Variable Speed Limit (VSL) control systems have been proposed and implemented to address these issues. Each one of these systems intend to achieve specific objectives which may or may not be consistent with the objectives set for other control measures deployed in the same freeway or expressway area.
Coordinated use of RM and VSL strategies is one step to resolve this issue. The synergistic effects of such integration and coordination may increase the benefits expected from the implementation of these control strategies in comparison to the situations where they are used as stand-alone systems. However, there is not enough evidence on the scale of changes that we should expect from such coordination e.g. how this coordination may affect traffic operation.
A range of RM systems based on feedback philosophy and automatic control theory [1 -3] and artificial intelligence techniques [4 -7] have been developed. Many of these systems have been implemented as stand-alone system for an isolated entry ramp or as a coordinated system for several consecutive entry ramps on a freeway network. Among these algorithms, ALINEA strategy developed by Papageorgiou et al. [1] is the most widely used RM system worldwide.
Also, a range of VSL control systems based on theoretical methods [8 -13] , practical methods [14 -18] or knowledge based methods [6, 19] have been proposed. Practical methods, based on simple rule-based heuristics, have largely been used in the implemented systems worldwide.
However, a coordinated use of these two control systems has not been experienced anywhere in practice. The studies conducted on this subject have mainly been based on theoretical and macroscopic simulation studies. In these studies, an extension of METANET macroscopic simulation model has largely been used to reflect the impacts of VSL on mainstream traffic flow. A known RM strategy such as ALINEA is then combined with the traffic model. The performance of the proposed control strategy is then tested on a freeway infrastructure comprising several entry ramps. Various measures of performance are used in these studies to compare the performance of the integrated control with VSL only, RM only and no-control scenarios. The results of such studies have generally indicated that the combined scenario has demonstrated an improved performance in comparison with the other scenarios [20 -22] .
In recent years, the microscopic simulation modelling approach has also been used to investigate the impacts of combined use of RM and VSL strategies by a few researchers [23 -26] .
Review of previous research indicated that although this area has received some attention in recent years but these studies have mainly relied on macroscopic traffic flow modelling. Despite being complex and computationally intense, interactions and dynamics of traffic flow may not properly be represented in such level of modelling. Furthermore, in the studies based on microscopic simulation modelling approach, only the combined application of these two control measures has been examined (i.e. when both independent strategies are activated). This would suggest that further investigations are needed to consider the impacts of coordinated use of these two control systems.
Thus, the main objective of this research was to explore further, the merits for coordinated use of conventional RM and VSL strategies, i.e. ALINEA and a rule-based VSL strategy, using a microscopic simulation model. These conventional strategies were selected in this study as they have already been tested in practice and their individual influence on traffic operation is known. VISSIM 5.0 microscopic simulation model [27] was selected for this study as it has widely been used in academic researches and also in traffic studies and it has been recognized as a powerful and reliable tool for such studies.
RESEARCH METHODOLOGY

Development of a Logic for Coordinated RM and VSL Strategies
The coordinated ramp metering and VSL strategy developed in this research was designed in such a way to provide a closed control loop in the merge area. In this coordinated arrangement, both ramp metering and VSL strategies regulate the entry of ramp and mainline traffic to the merge area so that the total traffic flow at merge downstream is always below its capacity.
The coordinated ramp metering and VSL strategy is established as follows:
− The current mainline traffic condition at the merge area is determined using the information provided by the loop detectors installed on the mainline at the merge area. Subsequently, the appropriate speed limit is determined based on the traffic state and is set on the mandatory Variable Message Signs installed on the mainline at 500 meters intervals along 1.5 kilometers of each merge upstream. − The appropriate metering rate for each entry ramp is calculated and updated using the ALINEA strategy − The combined upstream mainline and the entry ramp traffic flow is calculated and compared with mainline downstream capacity at the merge area. The mainline downstream capacity was assumed as 2400 pcphpl (passenger car per hour per lane) in accordance with the Highway Capacity Manual Guide [28] . − If total flow exceeds downstream capacity, the entry ramp traffic is reduced accordingly to provide the balance. However, a minimum entry ramp traffic (i.e. 480 vph) is always preserved to prevent excessive queues on the ramp spillback to its upstream junction. Each entry ramp is independently treated in the model such that when the nearby downstream capacity for each entry ramp is reached, its corresponding entry ramp flow is reduced.
The flow chart shown in Fig. (1) summarizes the process involved. The signal settings used for VSLs are indicated in Fig. (2) . Fig. (1) . The summary of process developed for the coordinated RM and VSL system. 
Define the Developed Strategy within a Microscopic Simulation Model
Introduction to VISSIM
VISSIM software was used in this study as it has widely been used to simulate various needs in the field of traffic analysis [29 -32] . VISSIM is a discrete, stochastic, time step based microscopic traffic simulation program developed to analyze traffic and transit operations. VISSIM uses the psycho-physical driver behavior model based on the continued work of Wiedemann [33, 34] . The basic idea of this model is stochastic perceptual thresholds which replicates individual driver characteristics.
Coding of the Ramp Metering and VSL Signal Control
IN VISSIM, ramp metering can be modelled either using the built-in fixed-time control or an optional external signal state generator. Metered on-ramps in real world are usually operated by traffic-responsive control. The operation time of a metered on-ramp varies from place to place. Also, it may follow the platoon metering or not. Traffic actuated signal controls can be simulated in VISSIM by the external signal state generator (VAP or other external program). VAP (Vehicle Actuated Programming) is an optional add-on module of VISSIM for the simulation of programmable, phase or stage based, traffic actuated signal controls [35] . This module is programmable with a simple descriptive language. It receives detector variables, interprets control logics, and creates signal commands on a discrete time step basis.
Using these features, VAP module was used in this research to develop and implement ALINEA ramp metering and VSL algorithms in a coordinated manner in the simulation model. The details of coding used for the ramp metering and coordinated ramp metering and VSL control strategies using VAP facility in this research are presented in the Appendix A and Appendix B, respectively.
Model Calibration and Validation
The developed simulation model was calibrated and then validated using a number evaluation means including: − Visual inspection of traffic operation throughout the defined freeway network especially around merge and diverge area; − Comparison of the mainline traffic flow at a number of detection points with the net flow entered the freeway network before each point; − Control the lane changing, lane utilization and gap acceptance behavior of traffic throughout the network; − Control the signal commands set by the ramp metering and VSL strategies at different traffic states; − Control the performance of the network under no-control and only ramp metering strategies for similar conditions for which the real performance data is available.
Examine the Performance of the Developed System under a Number of Scenarios
In order to examine the performance of the developed coordinated RM and VSL strategies, a 4-lane freeway section comprising two merge and one diverge section, shown in Figs. (3 and 4) , was defined in the VISSIM.
As indicated in Fig. (4) , the detectors related to the ALINEA ramp metering control strategy were defined at 50 meters downstream of each entry ramp's nose. The detectors related to the VSL control strategy were defined at 250, 750 and 1250 meters upstream of each entry ramp's nose.
At the entrance of each ramp, a two lane acceleration lane with the length of 250 meters was defined in the model. Also a two lane deceleration lane with the length of 250 meters was defined at the exit ramp to reflect the layout commonly used at the merge and diverge points on freeways.
The reference freeway network defined in the VISSIM model was then used to examine the network performance under a range of different traffic conditions and similarly applied for the following control scenarios:
− No-control scenario, i.e. neither ramp metering nor VSL control strategies were in operation; − Ramp metering only control scenario, i.e. ALINEA ramp metering strategy was activated for both entry ramps defined on the freeway network; − Coordinated RM and VSL control scenario, i.e. both RM and VSL strategies were coordinated and used at each merge site. Fig. (3) . Freeway network modelled in the VISSIM. Fig. (4) . Coordinated RM and VSL systems modelled in the VISSIM.
The traffic demand conditions for which the simulation model was run for each control scenario is summarized in Table 1 . As indicated in this Table, the experiment setup with varying flow levels at mainline, on-ramps and off-ramp was selected so that to produce traffic conditions close and slightly beyond the mainline capacity at the merge areas (i.e. merge downstream demand flows were in the range of 1900-2100 vphpl). For this purpose, four different traffic conditions were defined that produced total traffic flows in the range of 7600-9400 vph at the downstream of merges. proportions that are usually observed on freeway sections. Thus, for each control scenario a total of 24 simulation runs were performed to produce a range of traffic conditions near up to the congestion states that may occur in real life in such a freeway network. Each simulation time was 4500 seconds and the first 900 seconds was considered as the warmup time and the results corresponding to this period were eliminated from the analysis. 
RESULTS
The results produced through the simulation runs for the conditions indicated in the previous section were analyzed to evaluate the performance of the modelled freeway network under three control scenarios namely no-control, only RM control and coordinated RM plus VSL controls. The following measures were selected for the comparison of these scenarios: − The average delay sustained by the overall traffic, − The average travel time of the mainline traffic, and − The mainline throughput at the freeway section located 500 meters downstream of the second merge point (On-ramp-2).
It should be noted that the second measure, the average travel time of the mainline traffic, is not conclusive as the other affected measure would be the average travel time of the on-ramp traffic. However, this measure was also used in the light of priority usually given to the mainline traffic stream and the fact that through using strategic traffic management techniques, a downfall to the on-ramp traffic can be compensated by their diversion to the alternative routes.
The results of simulation runs for the above measures are presented in Table 2 . An example of speed limits set by the coordinated VSL and RM system in relation to the actual traffic speeds measured at the detector position is shown in Fig. (5) . As indicated in this Figure, VSL system in coordination with the Ramp Metering system has demonstrated a good response in relation to different traffic conditions. Fig. (5) . An example of speeds set by the coordinated VSL+ RM system in relation to the actual traffic speeds at detector position.
DISCUSSION ON THE RESULTS
A general overview of the results presented in Table 2 indicates that whilst the mainline average travel time has been increased under the RM only control scenario, it has been reduced under the combined RM+VSL control scenario. The poor performance of the RM only control scenario could be attributed to the impact of queue override logic deployed in the RM algorithm which reduces the RM efficiency under high traffic demands. However, the results presented in this Table indicates that this negative impact has been compensated under the combined RM+VSL control scenario by even producing reduced travel times in all simulation runs. In terms of average delay sustained by overall traffic, the results presented in Table 2 indicates that this measure has been improved under both RM only and RM+VSL control scenarios. However, this improvement is more pronounced under the combined RM+VSL scenario by as much as 2 to 4 times as RM only control scenario. In terms of merge downstream throughput measure, the results presented in Table 2 indicates that while this measure is slightly decreased under the RM only control scenario, it is slightly increased in most simulated scenarios under the combined RM+VSL control scenario. These marginal effects could be attributed to the fact that these control strategies were examined under traffic demands close and slightly beyond the mainline capacity in this study.
In order to provide a more precise comparison of the performance of these three control scenarios, MINITAB software was used to perform one-way ANOVA test on the data obtained for three aforementioned measures of performance. The ANOVA analysis produced a nearly zero p-value for the mainline travel time, overall traffic delay and freeway downstream throughput, indicating that there was sufficient evidence that the means of these measures for three examined scenarios were not equal (a=0.05). 
FreewayTraffic Speed
For each measure of performance, the difference between means corresponding to the three scenarios were examined. The Hsu's MCB (Multiple Comparisons with the Best) test was used for this purpose. The mean value of the outperformed scenario for each measure of performance was compared with the similar mean values obtained for other scenarios. Based on this analysis, the RM+VSL scenario was identified as the best scenario as it was the only scenario that its corresponding confidence intervals for travel time and delay measures contained negative values and for the throughput measure, its corresponding confidence interval contained higher positive values than other two scenarios.
Furthermore, the Tukey's test was used for multiple comparisons of confidence intervals of travel time, delay and throughput measures between three scenarios. The results of this analysis for travel time and delay measures indicated that the means corresponding to the three scenarios were statistically different as the confidence interval for each paired scenarios did not include zero values. However, for the throughput measure, the results of this test indicated that only paired (RM+VSL) and RM scenarios produced statistically different performance.
CONCLUSION
From the statistical analysis of the results it can be concluded that the (RM +VSL) scenario outperformed other two scenarios in terms of specified measures of performance, namely freeway average travel time, overall average traffic delay (mainline traffic + ramp traffic) and merge downstream throughput and the difference was statistically significant. This can be attributed to the synergistic effects of coordinated and integrated use of these control systems on the freeway network.
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